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Abstract:ȱCarbonȱ FibreȱReinforcedȱPolymerȱ compositeȱ (CFRP)ȱ isȱwidelyȱ usedȱ inȱ theȱ aerospaceȱ
















ofȱCFRPsȱareȱattributedȱ toȱ theȱ layeredȱstructuresȱofȱ theȱcompositesȱwhichȱcombineȱ theȱbestȱofȱ itsȱ
constituentȱmaterials.ȱHowever,ȱtheseȱcomplexȱstructuresȱareȱproneȱtoȱdamageȱlikeȱmatrixȱcracking,ȱ
fibreȱpullȬout,ȱandȱdelaminationȱ[1].ȱCompositeȱstructuresȱusedȱinȱaircraftsȱandȱhelicoptersȱcanȱsufferȱ




materialȱ [3].ȱ Inȱ theseȱ circumstances,ȱ structuralȱ healthȱ monitoringȱ (SHM)ȱ systemsȱ needȱ toȱ beȱ
implementedȱ toȱ effectivelyȱ detectȱ andȱ monitorȱ damage.ȱ Theȱ useȱ ofȱ suchȱ aȱ systemȱ allowsȱ theȱ
remainingȱserviceȱlifeȱofȱtheȱmaterialȱtoȱbeȱefficientlyȱpredictedȱpriorȱtoȱfailure.ȱIfȱtheȱdetectedȱdamageȱ




basedȱSHMȱetc.ȱareȱusedȱ toȱdetectȱcracksȱandȱdelaminationȱ inȱcomposites,ȱbutȱhaveȱprovenȱ toȱbeȱ
unreliableȱasȱtheyȱareȱincapableȱofȱcrackȱdetectionȱatȱtheȱmicroȱlevelȱandȱareȱtriggeredȱonlyȱafterȱaȱ
seriousȱdamageȱhasȱoccurred.ȱHowever,ȱtheyȱareȱstillȱinȱuseȱdueȱtoȱtheȱlackȱofȱanȱalternativeȱSHMȱ









setupȱ [10].ȱMagnetostrictionȱ isȱ theȱ propertyȱ ofȱ ferromagneticȱmaterials,ȱwherebyȱwhenȱ theyȱ areȱ










inȱ mostȱ ofȱ theȱ previousȱ workȱ dueȱ toȱ itsȱ largeȱ magnetostrictionȱ [15,17,18].ȱ However,ȱ aȱ majorȱ
disadvantageȱofȱusingȱTerfenolȬDȱisȱitsȱcostȬeffectiveness.ȱSinceȱtheȱSHMȱsystemȱwillȱbeȱappliedȱtoȱaȱ
largeȱsurfaceȱareaȱofȱtheȱaircraft,ȱitȱisȱimportantȱtoȱconsiderȱtheȱcostȱandȱweightȱofȱtheȱmaterialsȱwhenȱ





aroundȱ itȱ toȱ detectȱ delaminationȱ [20,21].ȱHowever,ȱ theȱ useȱ ofȱ particlesȱ asȱ actuatorsȱ canȱ causeȱ
agglomeration,ȱwhichȱ inhibitsȱ theȱmechanicalȱpropertiesȱofȱCFRPȱ therebyȱ inducingȱdelaminationȱ
[22].ȱAlso,ȱitȱisȱnotȱpracticallyȱpossibleȱtoȱwindȱcoilsȱaroundȱanȱentireȱaircraft.ȱRecentȱresearchȱhasȱ





ferrousȬbasedȱ andȱ cobaltȬbasedȱmagnetostrictiveȱ ribbonsȱ areȱ chosenȱ toȱ beȱ usedȱ asȱ actuatorsȱ forȱ
sensingȱdelamination.ȱ ȱ
Theȱsensorȱ toȱbeȱusedȱ inȱconjunctionȱwithȱ theȱactuatorȱ isȱdesignedȱusingȱ theȱprincipleȱofȱanȱ













damageȱdetectionȱ systemȱ canȱ beȱ developedȱ forȱ structuralȱ healthȱmonitoringȱ inȱ composites.ȱ Theȱ
benefitȱofȱusingȱaȱsparseȱarrayȱasȱcomparedȱtoȱaȱcompactȱarrayȱisȱthatȱitȱisȱcapableȱofȱcoveringȱaȱlargerȱ
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area.ȱThisȱinȱturnȱimpliesȱthatȱtheȱuseȱofȱfewerȱsensorsȱforȱtheȱsameȱareaȱwhichȱinȱturnȱleadsȱtoȱlowerȱ





















isȱtherebyȱgivenȱas:ȱ ݍ ൌ ܳ௠݁ି௧చ ݐሺ߱ௗݏ݋ܿ  ൅ ߶ሻȱ (1)ȱ
whereȱqȱisȱtheȱchargeȱonȱtheȱcapacitorȱplates,ȱ ݁ష೟ഒ ȱdepictsȱtheȱexponentiallyȱdecreasingȱamplitudeȱofȱtheȱ




overdampedȱorȱcriticallyȱdampedȱresponse.ȱTherefore,ȱ(i)ȱifȱܴ ظ ටସ௅஼ ,ȱ theȱcircuitȱisȱoverdamped,ȱ(ii)ȱifȱܴ ൏ ටସ௅஼ ,ȱ theȱcircuitȱisȱunderdamped,ȱandȱ(iii)ȱifȱܴ ൌ ටସ௅஼ ,ȱ theȱcircuitȱisȱCriticallyȱdampedȱ[31]. Inȱtheȱ
underdampedȱcase,ȱtheȱchargeȱoscillatesȱwithȱanȱamplitudeȱthatȱexponentiallyȱdecaysȱtoȱzeroȱwithȱtime.ȱ
















Toȱ fabricateȱ theȱ sensors,ȱplasticȱM3ȱwashersȱwereȱ chosenȱ asȱ theyȱprovideȱ aȱ frameȱ forȱ easyȱ
windingȱofȱtheȱcopperȱcoils.ȱCopperȱwireȱofȱdiameterȱ0.224ȱmmȱwasȱwoundȱaroundȱtheȱwashersȱinȱaȱ

























capacitorȱ gaveȱ anȱ overdampedȱ responseȱ forȱ allȱ inductorȱ values.ȱ Theȱ 20ȱ ΐFȱ capacitorȱ gaveȱ anȱ
overdampedȱresponseȱforȱallȱinductorȱvaluesȱexceptȱtheȱ64.3ȱΐHȱinductorȱ(70ȱturns).ȱInȱorderȱtoȱmakeȱ
theȱcircuitȱworkableȱforȱtheȱoffȬtheȬshelfȱ0.6ȱΐHȱFarnellȱinductorȱwithȱtheȱcapacitorsȱ0.2ȱandȱ2ȱΐF,ȱaȱ
shieldedȱ inductorȱofȱ inductanceȱ115.7ȱΐHȱwasȱaddedȱ inȱ seriesȱwithȱ it.ȱThisȱ increasedȱ theȱoverallȱ
inductanceȱofȱtheȱcircuitȱandȱchangedȱtheȱresponseȱfromȱoverdampedȱtoȱunderdampedȱmakingȱ itȱ







theȱmeasurementȱerrorȱ fromȱ theȱ inductorȱwillȱalsoȱdecreaseȱatȱ lowerȱ frequency.ȱThisȱexplainsȱ theȱ
reasonȱforȱlowerȱpercentageȱerrorȱatȱlowerȱfrequency.ȱInȱFigureȱ3bȱitȱcanȱbeȱobservedȱthatȱforȱaȱ2ȱΐFȱ










frequencyȱofȱ theȱRLCȱ circuitȱusingȱ 2ȱ ΐFȱ capacitors.ȱ Inȱbothȱ theȱ figureȱ theȱ redȱdotsȱ representȱ theȱ
experimentallyȱ derivedȱ andȱ theȱ blackȱ dotsȱ representȱ theȱ theoreticallyȱ calculatedȱ resonanceȱ
frequencies.ȱ
3.2. InductanceȱSensorsȱandȱDataȱAcquisitionȱ
Usingȱ theȱmethodologyȱ fromȱ theȱ previousȱ section,ȱ aȱ simpleȱ systemȱ canȱ beȱ developedȱ forȱ
magnetostrictiveȱSHMȱofȱcomposites.ȱAnȱArduinoȱNanoȱ(CoolȱComponentsȱLtd,ȱStockbridge,ȱUK)ȱ





Also,ȱ whenȱ highȱ frequencyȱ signalsȱ areȱ involved,ȱ theyȱ endureȱ delaysȱ inȱ theȱ orderȱ ofȱ tensȱ ofȱ













resistor.ȱWhenȱ theȱ circuitȱbecomesȱnegative,ȱ theȱLM339ȱ outputsȱ toȱground.ȱWhenȱaȱ5ȱVȱpulseȱ isȱ
appliedȱfromȱtheȱArduinoȱpinȱ13,ȱtheȱcomparatorȱwillȱgenerateȱaȱsquareȱwave.ȱ
Fromȱ theȱ resonantȱ frequencyȱ Equationȱ (2),ȱ theȱ inductanceȱ inȱ theȱ sensorȱ dependsȱ onȱ theȱ
capacitanceȱinȱtheȱdataȱacquisitionȱsystem.ȱHence,ȱitȱisȱnecessaryȱtoȱchooseȱtheȱcorrectȱcapacitorȱvalueȱ
toȱ makeȱ theȱ sensorȱ moreȱ sensitiveȱ toȱ detectȱ evenȱ aȱ smallȱ changeȱ inȱ inductanceȱ dueȱ toȱ theȱ
magnetostrictionȱ fromȱ theȱ actuator.ȱ Sensitivityȱ variationȱ inȱ theȱ sensorȱ dueȱ toȱ theȱ changeȱ inȱ
capacitanceȱisȱdiscussedȱinȱtheȱbelowȱsections.ȱUsingȱtheȱdesignȱshownȱinȱFigureȱ4,ȱtheȱprintedȱcircuitȱ
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3.3. SampleȱFabricationȱ
Amorphousȱ Fe78Si7B15ȱ andȱ Co78Si7B15ȱ ribbonsȱ fabricatedȱ byȱ arcȬmeltingȱ followedȱ byȱ rapidȱ
injectionȱonȱ toȱaȱwaterȬcooledȱwheelȱ suppliedȱbyȱVacuumschmelzeȱwereȱ selectedȱasȱ theȱactuatorȱ
















theȱ circuitȱ seenȱ asȱ aȱ changeȱ inȱ inductanceȱ inȱ theȱ sensor.ȱTheȱ changeȱ inȱ inductanceȱ changesȱ theȱ
resonantȱ frequencyȱ ofȱ theȱdataȱ acquisitionȱ system,ȱwhichȱ isȱ recordedȱ byȱ theȱArduino.ȱTheȱdataȱ
acquisitionȱsystemȱconvertsȱtheȱoutputȱsignalȱfromȱtheȱsensorsȱtoȱaȱdigitalȱform,ȱwhichȱcanȱbeȱfurtherȱ
processed.ȱPostȬprocessingȱtheȱdataȱimprovesȱtheȱsignalȬtoȬnoiseȱratioȱandȱgeneratesȱuserȬreadableȱ
inductanceȱvalues.ȱHence,ȱ inȱaȱ sparseȱarrayȱofȱ sensors,ȱ ifȱ anyȱ sensorȱ experiencesȱaȱ changeȱ inȱ itsȱ
inductance,ȱthisȱsensorȱcanȱbeȱidentifiedȱviaȱtheȱchange.ȱFromȱthisȱidentification,ȱitȱcanȱbeȱassertedȱ






























2.ȱThisȱ suggestsȱ thatȱ theȱ fabricatedȱdataȱacquisitionȱ systemȱwasȱ inȱgoodȱworkingȱorder.ȱWhenȱaȱ
ferromagnetȱwasȱbroughtȱ inȱproximityȱofȱ theȱsensor,ȱaȱchangeȱwasȱobservedȱ inȱ theȱoutputȱofȱ theȱ
sensors.ȱOnȱtheȱoscilloscope,ȱthisȱwasȱvisualisedȱasȱaȱdecreaseȱinȱtheȱamplitudeȱandȱtimeȱperiodȱofȱ




toȱdecreaseȱ theȱ inductanceȱofȱ theȱsensor.ȱThisȱdecreaseȱ inȱ inductanceȱ isȱseenȱ inȱ theȱoutputȱofȱ theȱ
systemȱasȱaȱdecreaseȱinȱtheȱtimeȱperiodȱofȱtheȱdampedȱoscillations.ȱ
5.2.ȱChangeȱinȱInductanceȱDuringȱLoadingȱandȱUnloadingȱ
Toȱmakeȱ theȱcircuitȱmoreȱsensitiveȱ toȱ theȱchangeȱ inȱ inductanceȱasȱwellȱasȱ toȱdownselectȱandȱ
shortlistȱtheȱcapacitorsȱforȱtheȱdataȱacquisitionȱsystemȱaȱbendingȱrigȱtestȱwasȱperformedȱwithȱ0.2ȱΐFȱ



































acquisitionȱ system.ȱ Whenȱ theȱ sameȱ experimentȱ isȱ repeatedȱ withȱ theȱ RLCȱ meterȱ aȱ changeȱ inȱ







Whenȱ theȱ fabricatedȱ70ȱ turnȱ inductorȱwasȱsubjectedȱ toȱ theȱbendingȱ testȱwithȱ theȱ fabricatedȱdataȱ
acquisitionȱsystemȱaȱmaximumȱchangeȱinȱinductanceȱofȱ3.5ȱΐHȱwasȱobservedȱforȱ300ȱmmȱradii.ȱWhenȱ















11.ȱ Fromȱ theȱ results,ȱ itȱ canȱ beȱ observedȱ thatȱ thatȱ FeSiBȱ ribbonsȱ haveȱ aȱ largerȱmagnetostrictionȱ
responseȱwhenȱcomparedȱtoȱCoSiBȱribbons,ȱasȱtheȱlaminatesȱwithȱFeSiBȱribbonsȱproducedȱaȱhigherȱ








































observed.ȱ Theȱ strainȱ sensitivityȱ resolutionȱ inȱ Figureȱ 12bȱ isȱ calculatedȱ asȱ 0.01ȱ ΐStrain,ȱwhichȱ isȱ
approximatelyȱanȱorderȱofȱmagnitudeȱsmallerȱ (0.211ȱΐStrain)ȱ thanȱ theȱ70Ȭturnȱcoilȱweȱhadȱ testedȱ
earlierȱwhenȱpairedȱwithȱtheȱCoSiBȱribbonȱ(top).ȱItȱisȱnotȱclearȱhowȱtheȱstrainȱsensitivityȱresolutionȱisȱ
linkedȱtoȱdamageȱdetectability.ȱTheȱresultsȱthusȱalthoughȱdemonstratingȱtheȱtuneabilityȱofȱtheȱdataȱ









Magnetostrictiveȱ structuralȱ healthȱ monitoringȱ techniqueȱ hasȱ potentialȱ applicationsȱ inȱ theȱ























3) Theȱ efficacyȱ ofȱ FeSiBȱ andȱCoSiBȱ asȱmagnetostrictiveȱ ribbonȱ actuatorsȱwereȱ investigatedȱ
utilisingȱtheȱfabricatedȱsetup.ȱFeSiBȱgaveȱtheȱmaximumȱchangeȱinȱinductanceȱasȱcomparedȱ
toȱCoSiBȱinȱtheȱbendingȱrigȱtests.ȱ ȱ
Experimentalȱ resultsȱ showȱ thatȱ aȱhighȱ inductanceȱvalueȱ isȱ requiredȱ toȱ enableȱ sensingȱ Ȭȱ thisȱ
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